Astrocytes participate in both physiological and pathophysiological responses to metabolic and nutrient signals. Although most studies have focused on the astrocytic response to weight gain due to high-fat/high-carbohydrate intake, surplus intake of a balanced diet also induces excess weight gain. We have accessed the effects of neonatal overnutrition, which has both age-and sexdependent effects on weight gain, on hypothalamic inflammation/gliosis. Although both male and female Wistar rats accumulate excessive fat mass as early as postnatal day (PND) 10 with neonatal overnutrition, no increase in hypothalamic cytokine levels, markers of astrocytes or microglia, or inflammatory signaling pathways were observed. At PND 50, no effect of neonatal overnutriton was found in either sex, whereas at PND 150, males again weighed significantly more than their controls, and this was coincident with an increase in markers of inflammation and astrogliosis in the hypothalamus. Circulating triglycerides and free fatty acids were also elevated in these males, but not in females or in either sex at PND 10. Thus, the effects of fatty acids and estrogens on astrocytes in vitro were analyzed. Our results indicate that changes in circulating fatty acid levels may be involved in the induction of hypothalamic inflammation/gliosis in excess weight gain, even on a normal diet, and that estrogens could participate in the protection of females from these processes. In conclusion, the interaction of developmental influences, dietary composition, age, and sex determines the central inflammatory response and the associated long-term outcomes of excess weight gain. (Endocrinology 159: 368-387, 2018) 
Astrocytes participate in both physiological and pathophysiological responses to metabolic and nutrient signals. Although most studies have focused on the astrocytic response to weight gain due to high-fat/high-carbohydrate intake, surplus intake of a balanced diet also induces excess weight gain. We have accessed the effects of neonatal overnutrition, which has both age-and sexdependent effects on weight gain, on hypothalamic inflammation/gliosis. Although both male and female Wistar rats accumulate excessive fat mass as early as postnatal day (PND) 10 with neonatal overnutrition, no increase in hypothalamic cytokine levels, markers of astrocytes or microglia, or inflammatory signaling pathways were observed. At PND 50, no effect of neonatal overnutriton was found in either sex, whereas at PND 150, males again weighed significantly more than their controls, and this was coincident with an increase in markers of inflammation and astrogliosis in the hypothalamus. Circulating triglycerides and free fatty acids were also elevated in these males, but not in females or in either sex at PND 10. Thus, the effects of fatty acids and estrogens on astrocytes in vitro were analyzed. Our results indicate that changes in circulating fatty acid levels may be involved in the induction of hypothalamic inflammation/gliosis in excess weight gain, even on a normal diet, and that estrogens could participate in the protection of females from these processes. In conclusion, the interaction of developmental influences, dietary composition, age, and sex determines the central inflammatory response and the associated long-term outcomes of excess weight gain. (Endocrinology 159: 368-387, 2018) H ypothalamic inflammation and gliosis participate in the development of secondary complications associated with obesity (1) (2) (3) . Most studies analyzing the hypothalamic inflammatory/gliosis response to excess adipose accumulation have used models of high-fat diet (HFD)-induced obesity (3) (4) (5) (6) (7) (8) , and these inflammatory processes are reported to occur in the hypothalamus even before changes in adiposity are seen (4, 9) . This observation suggests that components of the diet itself are directly involved. An increase in circulating fatty acids (FAs) in response to HFD intake could be one such signal, as central administration of saturated FA can activate glia and inflammatory pathways in the hypothalamus (6, 7, 10) and hypothalamic astrocytes respond to FAs in vitro (10, 11) . However, other factors are clearly involved in the long-term inflammatory/glial response to excess adipose tissue accumulation as non-HFD-induced weight gain is also associated with increased inflammatory and/ or glial markers in the hypothalamus (12) (13) (14) and hypothalamic astrogliosis is not observed in rodents that are obese due to the lack of leptin or its actions (15) . Indeed, one possible signal involved in hypothalamic glial modifications due to being overweight or obese is an increase in leptin levels (8, (15) (16) (17) .
We have previously reported that neonatal overnutrition, due to a decrease in litter size shortly after birth, increases body weight and adiposity in adult males, and this is associated with modifications in the morphology and functioning of hypothalamic astrocytes (16, 17) . More recently, we demonstrated that this experimental model of neonatal overnutrition induces rapid changes in various metabolic parameters, including body weight, fat mass, and leptin levels, as early as postnatal day (PND) 10 (18) . However, these metabolic changes were found to disappear in young adults only to reappear in later adulthood (PND 150), with this reappearance occurring selectively in males. Thus, this experimental model allows for the comparison of how diverse factors such as age, sex, and changes in circulating metabolic signals and hormones correlate with processes of inflammation and gliosis in the hypothalamus, without the confounding influence of a direct effect of an HFD. Here we have analyzed the relationship between changes in circulating lipids and central inflammatory markers in response to neonatal overnutrition in males and females at PND 10, when there is increased adiposity in both sexes, in young adults (PND 50), when there is no increase in adiposity in either sex, and at PND 150, when only males exposed to neonatal overnutrition have increased adiposity (18) . To further understand the differential hypothalamic response of males and females to metabolic signals, primary astrocyte cultures from both sexes were used to analyze their response to FAs, as well as to determine whether estradiol could be involved in modulating this response.
Materials and Methods

Animals
All experiments were approved by the Research Commission of the Hospital Infantil Universitario Niño Jesús and complied with the Royal Decree 53/2013 and with the European Union guidelines for use of experimental animals (2010/63/EU).
Adult Wistar rats were purchased from Harlan Interfauna Ibérica S.A. (Barcelona, Spain) and allowed to acclimate for 2 weeks before mating. For mating, one male was placed in a cage with three virgin females for 2 days. Each female was then housed separately. Rats were maintained at a constant temperature (21°C 6 1°C) and humidity (50% 6 1%) in a 12-hour light-dark cycle (lights on at 7:30 AM) and given free access to rat chow (A04-10/15022 Panlab, Barcelona, Spain) and water.
Neonatal overnutrition
Only litters consisting of between 8 and 12 pups at birth were used for the study (mean: 10.3 6 0.2 pups born/litter). On the day of birth, PND 0, pups were organized into litters of 4 [L4: 2 males (ML4) and 2 females (FL4) or 12 pups; L12: 6 males (ML12) and 6 females (FL12)], employing cross-fostering such that pups from at least three different dams that gave birth within 12 hours of each other were used to form each new litter. A total of 12 litters of 12 pups and 36 litters of 4 pups were used in these studies. The litters were arranged such that the mean birth weights did not differ between groups.
The pups were removed from their mother on PND 21 and placed two per cage according to sex and litter size. All rats were allowed free access to food (normal rat chow) and water, with food intake, weight, and body length measured weekly. Rats euthanized on PNDs 10, 50, or 150 were included in this study, and this was arranged such that six different litters were represented at each time-point for each experimental group. For the PND 10 time-point, entire litters were euthanized. There was a minimum of six rats in all experimental groups at each age for each parameter.
For the PND 50 and PND 150 groups, rats were fasted for 12 hours before being euthanized. For the PND 10 group, pups were allowed to nurse until euthanized to avoid additional stress on being removed from their mothers. A vaginal swab was performed in the females to determine the estrous cycle stage at euthanization. Approximately 80% were in estrous and 20% diestrous, with no difference between groups.
At PNDs 50 and 150, 12 animals per group were euthanized between 9 and 11 AM. Six rats were processed to obtain fresh tissue, and the other six were transcardially perfused with phosphate buffer (PB) and then 4% paraformaldehyde (pH 7.4) and 1% glutaraldehyde, perfusing approximately 300 mL per rat. The animals were previously profoundly anesthetized with an intraperitoneal injection of pentobarbital (1 mg/kg; Braun Vetcare, Barcelona, Spain). The brains were postfixed overnight at 4°C and then stored in cryoprotection solution (30% sucrose, 30% ethylene glycol in PB) at -20°C.
To obtain fresh tissue, rats were euthanized by rapid decapitation and the brains removed and rapidly frozen on dry ice. The hypothalamus, defined rostrally by the optic chiasm and caudally by the anterior margin of the mammillary bodies, was dissected out with a depth of approximately 2 mm and maintained at -80°C until analyzed. Blood was collected from the trunk, allowed to clot, and preserved on ice before being centrifuged at 3000 rpm during 10 minutes at 4°C to obtain serum. Serum samples were kept at -80°C until processed.
Triglyceride and nonesterified free FA determinations
Total triglycerides were measured in serum samples by using a commercial kit according to the manufacturer's directions (Randox Laboratories Limited, Crumlin, United Kingdom). Nonesterified free FAs (NEFAs) were measured with a kit from Wako (Neuss, Germany) employing the acetyl coenzyme A synthethase/acetyl coenzyme A oxidase method according to the manufacturer's instructions.
Corticosterone enzyme-linked immunosorbent assay
Corticosterone levels were measured by using a commercial kit from Enzo life Sciences (Farmingdale, NY). The assay was performed in accordance with the manufacturer's instructions, and all samples were measured in duplicate.
Protein extraction and quantification
Individual hypothalami were homogenized on ice in radioimmunoprecipitation assay buffer, containing sodium PB (0.1 M, pH 7.4), 1% Triton X-100, sodium dodecyl sulfate (0.1%), sodium azide (0.5%), EDTA (2 mM), sodium deoxycholate (0.5%), phenylmethanesulfonyl fluoride (1 mM), and a protease inhibitor cocktail (Roche Diagnostics, GmbH, Mannheim, Germany). Lysates were incubated overnight (O/N) at -80°C and then centrifuged at 14,000 rpm for 10 minutes at 4°C. Supernatants were collected and stored at -80°C for later use. Total protein concentration was determined by the method of Bradford (Bio-Rad Laboratories, Inc., Hercules, CA).
Western blotting
Total protein was mixed with an equal volume of Laemmli buffer (23) and denatured for 5 minutes at 100°C. The protein was resolved on sodium dodecyl sulfate-polyacrylamide gels under denaturing conditions and electro-transferred to polyvinylidene difluoride membranes. Transfer efficiency was determined by Ponceau red dyeing. Membranes were blocked with tris(hydroxymethyl)aminomethane -buffered saline (20 mM) containing 0.1% Tween 20 and 5% nonfat dried milk or 5% bovine serum albumin (BSA) for 2 hours under mild shaking. After blocking, membranes were incubated O/N at 4°C under agitation with the primary antibody. Antibodies toward glial markers, inflammatory markers, and intracellular signaling cascades of leptin and insulin were used (Table 1) . Membranes were washed with tris(hydroxymethyl)aminomethane-buffered saline and incubated with the corresponding secondary antibodies conjugated with peroxidase (Pierce Biotechnology, Rockford, IL). Peroxidase activity was visualized by chemiluminescence (Perkin Elmer Life Science, Boston, MA) and quantified with a Kodak Gel Logic 1500 Image Analysis system and Molecular Imaging Software, version 4.0 (Rochester, NY) or ImageQuant Las 4000 Software (GE Health Care Life Sciences, Barcelona, Spain). Gel loading variability was normalized with either the nonphosphorylated form of the protein, glyceraldehyde 3-phosphate dehydrogenase, or actin. Data were normalized to control values on each gel.
Determination of hypothalamic levels of leptin, interleukins 1b, 6, and 10, and tumor necrosis factor a by using a multiplex magnetic bead immunoassay Hypothalamic levels of leptin, interleukin (IL)1b, IL6, IL10, and tumor necrosis factor (TNF)a were determined in duplicate by a multiplexed magnetic bead immunoassay kit according to the manufacturer's specifications (Merck Millipore, Darmstadt, Germany). Beads conjugated to the appropriate antibodies and 5 mg of hypothalamic lysate in assay buffer (25 mL each) were incubated for 2 hours at room temperature (RT) and under moderate shaking. Afterward, wells were washed and 25 mL of the biotinylated detection antibody was added and incubated for 1 hour at RT while shaking at 500 rpm. Finally, 25 mL of the reporter dye, streptavidin-conjugated phycoerythrin, was added and incubated for 30 minutes. After washing, the beads were analyzed in a Bio-Plex suspension array system 200 (Bio-Rad Laboratories), and mean fluorescence intensity was analyzed using Bio-Plex Manager Software 4.1. The assay sensitivity limits for leptin, IL1b, IL6, IL10, and TNFa were 52.5, 1.2, 8.8, 4.8, and 3.2 pg/mL, respectively.
Immunohistochemistry
Immunohistochemistry was performed on free-floating coronal brain sections (40 mm) cut on a Vibratome and stored in cryoprotection solution at -20°C. Six sections per animal were selected throughout the arcuate nucleus. All experimental groups were assayed in parallel. The solution used in all washes and incubations consisted of PB (0.1 M, pH 7.4), 0.3% Triton X-100, and 0.3% BSA. After rinsing in PB, the sections were incubated in 30% methanol containing 3% hydrogen peroxide for 30 minutes at RT. They were then washed and incubated in blocking solution (3% triton X-100 and 3% BSA in PB) for 2 hours at RT.
The sections were then incubated with a primary antibody for either glial fibrillary acidic protein (GFAP; 1:1000) or ionized calcium-binding adaptor molecule 1 (Iba1; 1:500) O/N at 4°C. The following day, they were washed and incubated in biotinylated anti-mouse secondary antibody (1:2000) or biotinylated anti-rabbit secondary antibody (1:1000) for 2 hours at RT. After washing, sections were placed in avidin-biotin complex (Pierce Biotechnology) for 2 hours and then washed 3 times. Peroxidase activity was revealed by incubating sections with 0.03% 3-3 0 diaminobenzidine (Sigma-Aldrich, St. Louis, MO) and 0.01% hydrogen peroxide in PB. Images were captured at 340 magnification by using a digital camera and Image Pro-Plus software. Immunostaining was absent when the primary antibody was omitted. For analysis, six sections/animal distributed from -2.3 to -3.3 mm from Bregma (19) . In each section, 20 rectangular fields, corresponding to an area of 14.3 mm 2 /field were analyzed. The number of GFAP immunoreactive (GFAP+) or Iba1 immunoreactive (Iba1+) cells and the number of primary projections/GFAP+ and Iba1+ cells were counted. The length of the projections of GFAP+ cells was measured using Image J. In microglia, the number of branches on the primary projections, the cell body diameter, and the mean area encompassed by individual microglia were determined by employing Image J. All morphometric analyses were performed without knowledge of the experimental group being analyzed.
Primary astrocyte cultures
Primary cultures of hypothalamic astrocytes were prepared from PND2 Wistar rat pups, and cells from males and females were cultured separately as previously reported (17) . For the experiments, astrocytes were seeded in 60-or 100-mm culture plates, which had been previously treated with poly-L-lysine hydrobromide (10 mg/mL; Sigma-Aldrich), at a density of 4.35 3 10 5 or 1 3 10 6 cells per plate, respectively, and grown for 24 hours. After 24 hours, the cultures were serum starved for 24 hours before the experimental treatments were added. The treatments were prepared with the same media and applied in triplicate in each experiment; each experiment was repeated 3 to 4 times (n = 3 to 4).
Treatments
Astrocytes were exposed to the unsaturated FA, oleic acid (OA), and the saturated FA, palmitic acid (PA), both separately or in combination (1:1). FA free BSA was added to ensure lipid solubility in the aqueous solution. Stock solutions of sodium oleate (Sigma-Aldrich; O-3880), PA (Sigma-Aldrich; P-5585), BSA (Sigma-Aldrich; A-9205), and L-carnitine (Sigma-Aldrich; C-0283) were prepared and sterilized by filtration with 0.45-mm filters and stored at -20°C until used.
A dose-response curve of increasing concentrations (0.05, 0.1, 0.2, and 0.5 mM) was performed for PA. When used in combination, PA and OA were used at a concentration of 0.5 mM each. Control plates received an equivalent amount of vehicle solution.
A stock solution (1 mg/mL) of 17b-estradiol (E2; SigmaAldrich; E-8875) was prepared in ethanol. For treatment, a working solution of 10 -9 M was made in Dulbecco's modified Eagle medium F-12 plus 1% antibiotic/antimycotic (without fetal bovine serum). When E2 (10 -9 M) was used in combination with PA (0.1 mM), astrocytes were pretreated with this solution for 3 hours before PA addition.
Detection of nitrates and nitrites in culture media
Culture media was collected and kept frozen at -80°C until assayed. To determine the production of nitric oxide, the total levels of nitrates and nitrites were determined according to the method of Miranda et al. (20) . This assay is based on the simultaneous detection of nitrate and nitrite concentrations by reducing nitrates with vanadium (III) and the combined detection by using the acidic Griess reaction.
RNA isolation and quantitative real-time polymerase chain reaction in hypothalamic astrocyte cultures
Total RNA was extracted from cell cultures according to the Tri-Reagent protocol and complementary DNA was then synthesized from total RNA by using a high-capacity complementary DNA reverse transcription kit (Applied Biosystems, Foster City, CA). In astrocyte cultures, relative messenger RNA (mRNA) levels of GFAP (Rn00566603), IL1b (Rn00580432), IL6 (Rn01410330), TNFa (Rn01525859), CCAAT enhancerbinding protein homologous protein (CHOP; Rn00492098), estrogen receptor a (ERa; Rn01640372), and estrogen receptor b (ERb; Rn00562610) were assessed by quantitative real-time polymerase chain reaction using assay-on-demand kits (Applied Biosystems). TaqMan Universal PCR Master Mix (Applied Biosystems) was used for amplification according to the manufacturer's protocol in an ABI PRISM 7000 Sequence Detection System (Applied Biosystems). The housekeeping genes ribosomal protein S18 (rps18, Rn01428915) and rpl13a (Rn00821946) were used for normalization. The cycle threshold (CT) for the genes analyzed ranged between 23 and 31. According to the manufacturer's guidelines, the DDCT method was used to determine relative expression levels. Statistics were performed using DDCT values (21) .
Statistical analysis
The program SPSS version 19.0 (SPSS Inc., Chicago, IL) was used for data analysis. To determine the effect and/or interaction of two or more factors, two-or three-way analysis of variance (ANOVA) was used. When significant effects were found with the two or three-way analyses, a subsequent two-way and/or one-way ANOVA followed by Scheffé f test was used to determine whether specific differences existed among the experimental groups. Bonferroni correction was used for multiple comparisons in primary astrocyte culture studies. Two-tailed Student t tests were used to compare differences between two groups when indicated. Pearson's correlation analysis was performed to determine the correlations between specific factors. All data are presented as mean 6 standard error of the mean. The results were considered statistically significant at P , 0.05. The P values in the figures represent the results of the oneway ANOVA; when a significant effect of a factor was determined by two-way ANOVA, but no significant effect was found by the one-way ANOVA and post hoc analysis, the effect of this factor is indicated on the graphs.
Results
Body weight and circulating hormones
The data regarding energy intake, body weight, body length, fat mass, glycemia, and circulating levels of leptin, insulin, adiponectin, gonadal steroids, and cytokines for the rats used in the studies presented here have been previously published (18) . In brief, at PND 10, both males and females from litters of 4 weighed more and had more inguinal adipose tissue, higher serum leptin, glucose, and insulin levels, and an increased homeostatic model assessment index, but decreased circulating serum TNFa levels. At PND 50, no effects of litter size were observed in either sex. At PND 150, males from litters of 4 pups again weighed more than those from litters of 12, whereas females were unaffected (18) .
Circulating triglyceride levels
No differences in circulating triglyceride levels were found at PND 10 or PND 50 ( Fig. 1A and 1C) . However, at PND 150 (Fig. 1E) , there was an effect of litter size [F (1, 24) = 5.7, P , 0.03], with triglyceride levels being increased in rats from small litters, but only in males [F (3, 24) = 4.1, P , 0.05].
Serum NEFA levels
Circulating NEFA levels were influenced by both litter size [F (1,37) = 8.4, P , 0.01] and sex [F (1,37) = 6.1, P , 0.02; Fig. 1B ] at PND 10, with L4 females having lower levels than L12 females. At PND 50, there was an interaction between sex and litter size [F (1,24) = 6.3, P , 0.03; Fig. 1D ], with L4 females continuing to have lower levels than L12 females. At PND 150, circulating NEFA levels (Fig. 1E) were higher in L4 males and L12 females compared with L12 males [F (3, 24) = 6.2, P , 0.03].
Serum corticosterone levels
Corticosterone levels were measured in animals at PND 150 to determine if glial changes could be related to modifications in this hormone. There was an effect of sex [F (1, 20) = 4.2, P , 0.05], with females having higher levels than males. Rats of both sexes from small litters tended to have higher corticosterone levels, but this did not reach statistical significance (ML12: 67.5 6 31.2 ng/mL; ML4: 165.7 6 39.3 ng/mL; FL12: 188.5 6 51.5 ng/mL; FL4: 335.9 6 122.7 ng/mL).
Inflammatory cytokines in the hypothalamus
To correlate the long-term metabolic changes due to neonatal overnutrition with possible signs of hypothalamic inflammation, hypothalamic concentrations of leptin, IL6, IL1b, IL10, and TNFa were determined.
PND 10
At PND 10, when both male and female animals from L4 weighed more than those from L12 (18), there was an overall litter size effect on hypothalamic leptin levels [F (1, 20) = 6.7, P , 0.02; Fig. 2A] , with L4 rats having higher levels than L12 rats in both sexes. No significant differences were found in hypothalamic IL1b, IL10, or TNFa levels (Fig. 2D, 2J , and 2M, respectively), although there was a trend for these cytokines to increase in L4 males (P # 0.06 in all three cases).
There was an interaction between sex and litter size [F (1, 20) = 5.3, P , 0.05] on hypothalamic IL6 levels, with this cytokine tending to increase in L4 males, but decrease in L4 females (Fig. 2G) .
PND 50
At PND 50, when the litter size-induced changes in body weight or circulating metabolic factors were no longer observed in either sex (18) , no differences in hypothalamic leptin (Fig. 2B), IL1b (Fig. 2C), or IL10 (Fig. 2K ) levels were found. Hypothalamic IL6 levels were higher in L4 males compared with L4 females [F (3, 20) = 3.5, P , 0.05; Fig. 2H ]. There was also a sex effect on TNFa levels [F (1, 19) = 4.5, P , 0.05], with hypothalamic TNFa levels being higher in L4 males compared with L4 females (Fig. 2N) .
PND 150
At PND 150, leptin levels in the hypothalamus were higher in males than in females [sex effect: F (1,20) = 6.1, P , 0.03; Fig. 2C ], with this difference being statistically different between L4 males and females (P , 0.04). No significant differences in hypothalamic IL1b (Fig. 2F) , IL6 (Fig. 2I), or IL10 (Fig. 2L ) levels were found, although L4 males tended to have higher levels of all these cytokines.
Hypothalamic TNFa levels were influenced by both litter size [F ( Correlation between central TNFa levels and serum NEFAs and triglycerides
To determine if the levels of circulating metabolic factors are related to hypothalamic TNFa levels, correlation analysis was performed. When all data were analyzed together, central TNFa levels were found to be positively correlated with circulating NEFAs (r = 0.60, P , 0.0001; Fig. 3A ) and triglycerides (r = 0.52, P , 0.001; Fig. 3B ).
Effects of early overnutrition and sex on hypothalamic inflammatory signaling pathways
Given that hypothalamic levels of TNFa were increased at PND 150 in males, but not in females, we asked whether this was associated with differences in inflammatory signaling. Moreover, as hypothalamic inflammation has been associated with changes in central insulin and leptin sensitivity (3, 7, (22) (23) (24) (25) , the activation of intracellular pathways associated with leptin and insulin signaling was also analyzed.
There were no differences between experimental groups in the levels of p-Ikb (data not shown). In contrast, p-JNK, which is activated in response to a variety of inflammatory and/or stress signals or FAs, as well as being elevated in different tissues in obesity (26) (27) (28) (29) , was increased in the hypothalamus of L4 males compared with L12 males. The major isoforms of this protein were analyzed and p46 JNK1 was affected by litter size [F (1, 20) = 6.4, P , 0.03], with L4 males having higher levels than L12 males [F (3, 20) = 3.1, P , 0.05; Fig. 3C ]. There was an interaction between sex and litter size [F (1, 20) = 7.3, P , 0.02] on p54 JNK2 levels, with both L4 males and L12 females having higher levels of phosphorylation of this protein compared with L12 males (Fig. 3C) .
Levels of p-Stat3 (Tyr705) were increased by litter size [F (1, 20) = 6.1, P , 0.03] in both sexes (Fig. 3D) , whereas p-Stat3 (Ser727) protein levels were unaffected (data not shown). There was an interaction between litter size and sex on SOCS3 protein levels [F (1,18) = 5.1, P , 0.05; Fig. 3E ], with this inhibitor of cytokine signaling being lower in L12 females than L12 males (P , 0.01).
Hypothalamic levels of p-IRS1, p-AKT, and p-PTEN were not different between groups at PND 150 (data not shown).
Effects of early overnutrition and sex on hypothalamic glial proteins
Hypothalamic GFAP protein levels were not affected by sex or litter size at PND 10 (ML12: 100% 6 7.8%; (1, 20) = 5.5, P , 0.03], with L4 males having higher hypothalamic levels than L12 males (Fig. 4C) . When analysis of GFAP+ cell number and morphology was performed in the arcuate https://academic.oup.com/endonucleus at PND 50, there were no significant differences between groups in the number of GFAP+ cells, or the mean number or length of their projections (data not shown). However, at PND 150, the analysis of the arcuate nucleus ( Fig. 4A and 4B ) indicated an increase in the number of GFAP+ cells [litter size effect: F (1,19) = 9.8, P , 0.005] in males, as previously reported (17), with no change in females (Fig. 4D) . However, there was no effect of litter size on the number of projections of GFAP+ cells in the arcuate nucleus in either sex, although females had overall more primary projections than males [ Fig. 4D ; (Fig. 4E) . Females had an overall longer mean projection length compared with males, with L4 rats having an overall decrease in mean projection length in both sexes (Fig. 4F) . The hypothalamic protein levels of the microglial marker Iba1 were not modified by either sex or overnutrition at PND 10 (ML12: 100% 6 17.1%; ML4: 131% 6 30%; FL12: 103.3% 6 9%; FL4: 103.6% 6 17.3% ML12) or PND 50 (ML12: 100% 6 8.6%, ML4: 111.5% 6 11.3%; FL12: 108.9% 6 10.8%; FL4: 111.4% 6 10% ML12). At PND 50, we also found no difference in the number of Iba1+ cells, the mean nuclear area, mean area occupied/cell, or the number or length of their projections in the arcuate nucleus (data not shown). However, at PND 150 ( Fig. 5A and 5B), overall hypothalamic Iba1 protein levels were decreased in response to neonatal overnutrition [ Fig. 5C ; F (1,20) = 5.9, P , 0.03] in both sexes. No difference was found in the number of Iba1-positive cells in the arcuate nucleus (Fig. 5C ) or their mean nuclear diameter (Fig. 5D) .
Although the mean number of processes/cell did not differ significantly between groups (Fig. 5E ), the number of branches was significantly greater in females regardless of litter size [sex effect: F (1,20) = 13.5, P , 0.002]. This led to a greater overall mean area being occupied by individual microglia in females [sex effect: F (1,20) = 8.6, P , 0.01], with this being statistically significant in L4 rats.
Primary cultures of hypothalamic astrocytes
The difference between L4 males and females in the increase in GFAP levels in the hypothalamus, the number of GFAP-positive cells in the arcuate nucleus, and hypothalamic inflammatory markers at PND 150 could be related to the fact that astrocytes are innately different between the sexes and/or to differential changes in circulating factors related to weight gain, such as increased leptin, triglyceride, and NEFA levels that can stimulate astrocytes (10, 17) . To study the direct effects of FAs on astrocytes, primary hypothalamic cultures of these glial cells from males and females were exposed to PA, OA, or the combination of these two FAs that are highly present in our diet.
Dose response of astrocytes to PA
There was no effect of PA on the number of astrocytes surviving after 24 hours of exposure (Fig. 6A) . In astrocytes from both males and females, the mRNA levels of GFAP decreased [F (4, 30) = 21.4; P , 0.0001; Fig. 6B ], whereas those of IL6 [F (4, 29) = 5.4, P , 0.003; Fig. 6C ] and CHOP [F (4,31) = 8.6, P , 0.0001; Fig. 6D ] increased with increasing levels of PA.
To determine if astrocytes respond to FAs by releasing neurotoxic free radicals such as nitric oxide, the amount of NO 2 and NO 3 released to the culture media was determined. The concentration of nitrates/ nitrites in the culture media also increased in a dosedependent manner [F (4, 38) = 4.4, P , 0.01; Fig. 6E ]. As the largest effect was observed with 0.5 mM PA and no change in cell number was observed, we chose to use this concentration of FA for the following experiments.
Response of primary astrocyte cultures to saturated (palmitate) and unsaturated (oleate) FAs
There was no effect of the unsaturated FA OA on the mRNA levels of the astroglial marker GFAP, whereas the saturated FA, PA, dramatically reduced it [F (1, 24) = 47.7, P , 0.0001; Fig. 7A ]. Although OA had no effect alone, it blocked the effect of PA [interaction OA 3 PA: F (1,24) = 9.0, P , 0.01], with this effect being significant in male cultures. Moreover, GFAP mRNA levels were higher in control cultures from females compared with those from males [sex effect: F (1,24) = 4.3, P , 0.05; Fig. 7A ].
Fatty acids are transported into the mitochondria by carnitine palmitoyltransferase (CPT)-1a, where they are oxidized (30) . The mRNA levels of this enzyme were increased by OA [F (1, 17) = 24.3, P , 0.0001; Fig. 7B] , regardless of the presence or not of PA. On the contrary, PA alone did not induce the expression of this enzyme, suggesting that PA could produce at least part of its cytotoxic effects by its inability to stimulate its transport in the mitochondria, resulting in accumulation in the cell.
There was no significant effect of either FA on IL1b mRNA levels (data not shown). OA alone had no effect on the expression of IL6. PA induced IL6 mRNA levels in both sexes [sex effect: F (1, 17) = 25.8, P , 0.0001; Fig. 7C The mRNA levels of CHOP, which is involved in endoplasmic reticulum (ER) stress and promotes apoptosis (31, 32) , were affected by both OA [F (1, 17) = 5.3, P , 0.05] and PA [F (1, 17) = 17.3, P , 0.002; Fig. 7E ], but with PA inducing CHOP and OA reducing the effect of PA in astrocytes from both sexes.
OA alone had no effect, but PA exposure stimulated the release of NO 2 and NO 3 [F (1, 17) = 32.6, P , 0.0001], with the combination of OA and PA increasing this even further [interaction OA 3 PA: F (1,17) = 8.1, P , 0.02; Fig. 7F ].
Response of primary astrocyte cultures to PA and E2
To determine if estrogens can modify the astrocytic response to PA, and could possibly be involved in the differential findings in adult male and female animals, E2 was added to the astrocyte cultures 3 hours before PA (0.1 mM) exposure.
There were no differences between males and females in basal levels of ERa mRNA (Fig. 8A) induced by PA in females, but not in males. ERb mRNA levels were unaffected by sex or treatment (male (M)-control (Ct)-0h: 100%; M-Ct-24h: 85.3% 6 31.8%; M-PA: 61.2% 6 4.1%; M-E2: 98.7% 6 35.7%; M-PA+E2: 71.3% 6 20.0%; female (F)-Ct-0h: 120% 6 22.9%; F-Ct-24h: 78.2% 6 31.4%; F-PA: 34% 6 6.8%; F-E2: 71.1% 6 28.5%; F-PA+E2: 48.2% 6 9.2% M-Ct-0h).
The mRNA levels of CHOP were affected by both PA [F (1, 17) = 29.0, P , 0.0001] and E2 [F (1, 17) = 5.6, P , 0.05], with an interaction between these two factors [F (1, 17) = 5.4, P , 0.05; Fig. 8B ]. Treatment with PA increased ER stress, and although E2 had no effect on basal levels, it reduced the ER stress induced by PA.
As PA increased IL6 mRNA levels in both male and female astrocyte cultures, we asked whether E2 affected this process. Again, IL6 mRNA levels were increased by PA [F (1, 24) = 48.0, P , 0.0001]. There was also an effect of E2 [F (1, 24) = 15.4, P , 0.002], with an interaction between PA and E2 [F (1,24) = 13.4, P , 0.03; Fig. 8C ]. The previous addition of E2 reduced the stimulatory effect of PA.
Estrogens have been shown to modulate IL10 (33); thus, we analyzed whether E2 could be mediating protective effects through this anti-inflammatory cytokine. Treatment with PA reduced IL10 mRNA levels [F (1,19) = 13.4, P , 0.003; Fig. 8D] , with E2 having no significant effect. 
Discussion
Hypothalamic inflammation and gliosis have been implicated in the development of secondary complications of obesity (3, 7, (34) (35) (36) (37) ; however, most studies have used HFD-induced obesity in male subjects. As obesity obviously occurs in both sexes and in response to other dietary conditions, it is necessary to understand the role of hypothalamic inflammation/gliosis in all causes of obesity or overweightness, as well as in both sexes. Indeed, the development of secondary complications associated with obesity differs between males and females (38) and hypothalamic glia also differ between the sexes (39-41), suggesting that these cells could participate in the sexually dimorphic response to obesity. Moreover, many questions remain regarding the susceptibility to and the underlying causes of hypothalamic gliosis/inflammation, as well as the outcomes.
Here we show that not only sex, but also age, determines susceptibility to these central inflammatory/glial processes. In young prepubertal (PND 10) rats, even though they are overweight with more than double the amount of some fat depots compared with their controls (18), we did not find hypothalamic GFAP or Iba1 protein levels to be increased. Cytokine levels in this brain region tended to be increased in males, but not in females, although both sexes had increased fat mass. It is possible that glial cells in specific nuclei of the hypothalamus are affected and this is not detected in overall protein levels of marker such as GFAP or Iba1. Indeed, Ziko et al. (42), Figure 7 . Relative levels of (A) GFAP, (B) CPT1a, (C) IL6, (D) TNFa, and (E) CHOP mRNA levels in primary hypothalamic astrocyte cultures from male and female Wistar rats after 24 hours of exposure to PA (0.5 mM) and/or OA (0.5 mM). (F) The concentrations of NO 2 and NO 3 (mM) were measured in the culture media. One-way ANOVA: *P , 0.05, **P , 0.005, ***P , 0.0001. n = 3 to 4 cultures with at least three repetitions of each experimental group in each experiment. Ct, control.
showed that, in the same experimental paradigm as used here, there is microgliosis in the paraventricular nucleus as early as PND 14 and that the susceptibility of microglia in the hypothalamus is modified when these animals reach adulthood. They also report no significant change in hypothalamic expression of IL6 in neonatally overnourished animals at PNDs 7 or 14, whereas TNFa mRNA levels were decreased in rats from larger litters. These authors suggest that the modifications of IL6 and TNFa at these early ages are in consonance with the neurotrophic role of cytokines during development.
In both sexes, the increase in fat mass at PND 10 in response to neonatal overnutrition was associated with an elevation in serum leptin (18), but not in triglyceride or NEFA levels. Hypothalamic leptin levels were also elevated, and this could result from increased transport of leptin across the blood brain barrier in relationship to the rise in circulating levels (18) or from the immature and "leaky" blood-brain barrier at this early age, making the brain more vulnerable to changes in the circulation (43, 44) . This neonatal increase in hypothalamic leptin levels could participate in modifications of neurocircuits that regulate appetite and result in long-term changes in metabolism (45) (46) (47) (48) . Indeed, changes in the neonatal leptin surge, which peaks around PND 10 in rodents (49) , affects the formation of hypothalamic metabolic circuits (50) , and changes in neonatal leptin levels manifest their effects on metabolism in adult life (48, (51) (52) (53) , at least in males.
Signs of hypothalamic gliosis and inflammation were found in overweight PND 150 male rats, including an increase in the number of astroglia, increased levels of TNFa, and activation of JNK. Females were not overweight at this age and showed no signs of hypothalamic inflammation/gliosis. Thus, not only is postpubertal weight/adiposity gain different in males and females in response to early overnutrition (18, 45) , but the central inflammatory response also differs. Estrogens are known to be protective against excess weight gain (54-56), and ovariectomy of postpubertal females results in weight gain and increased inflammation (57, 58) . In contrast, testosterone can augment body weight in both male and female rats (59) , with this sex steroid increasing muscle mass, decreasing fat mass, and maintaining proper metabolic control (60) , but no effect of litter size modification was found on testosterone levels at PND 150 (18) . The early sex steroid environment modulates the growth response to later changes in sex steroids (59) . However, a recent study reports that weight gain upon ovariectomy of postpubertal females raised in small litters is similar to that of females raised in normal litters (61) , suggesting that early overnutrition does not modulate their response to the lack of estrogens in later life.
One important observation reported here is that activation of hypothalamic inflammatory pathways and glial changes can occur in overweight animals even on normal chow, indicating that dietary signals are not the only causative factors. The lack of hypothalamic inflammation or gliosis in overweight rats at PND 10 could suggest that, at least on normal chow, development of these processes may require a more extended period of being overweight. On a chow diet, the increase in nutritional signals (e.g., saturated FAs) involved in the rapid inflammatory response to HFD intake is lacking and changes in endogenous signals are necessary. Young rats may also be less susceptible to the effects of being overweight, as with aging, the ability to renew metabolic circuits is decreased (62) , neuroprotective mechanisms are reduced (63, 64) , and the propensity to become obese increases (65, 66) . The greater ability of adipocytes to proliferate during development, decreasing hypertrophy, could protect these young animals from the rise in circulating triglycerides and free FAs seen in PND 150 males.
Dietary signals are reported to directly induce hypothalamic inflammation/gliosis even before HFD-induced weight gain is detected (4), as HFDs increase the levels of circulating FAs (67) (68) (69) that are transported into the hypothalamus in proportion to their serum concentration (70, 71) , where they can directly activate glial cells and inflammatory processes (10, 11, 72, 73) . Like leptin and insulin, serum FA levels are proportional to adiposity and act as signals of nutrient abundance at the hypothalamic level (74, 75) . Thus, the elevated serum triglycerides and NEFAs at PND 150 in L4 males could be a triggering factor for the hypothalamic inflammatory processes, including increased GFAP and TNFa levels, number of GFAP+ cells, and JNK activation. Indeed, we found a direct correlation of circulating triglyceride and NEFA levels with hypothalamic TNFa levels.
The higher hypothalamic GFAP levels associated with the increased body weight in male L4 rats at PND 150 was in part due to an increase in the number of GFAPpositive cells in the arcuate nucleus. No change in GFAP levels or cell number was found in PND 150 females nor in GFAP levels, astrocyte number, or morphology at PND 50, situations where no increase in bodyweight was found, suggesting that the modifications in astroglia are associated with the increased body weight/fat in PND 150 males. It should be stated that at PND 50, we found increased variation in astrocyte morphology between subjects, especially in males. Whether this represents a different maturational status between individuals, possibly due to the proximity to pubertal period, or if this represents the beginning of metabolism-induced changes remains to be determined. At PND 10, weight was increased in both males and females, but no change in hypothalamic GFAP levels was observed. As GFAP is expressed in differentiated astroglial cells (76, 77) , in addition to activated astrocytes (78) , and astrogenesis is still occurring at PND 10 (79, 80), some of these cells are still immature (possibly not expressing GFAP) and could respond differently to metabolic signals.
Higher hypothalamic TNFa levels in PND 150 males could be associated with the increase in astrocytes in the mediobasal hypothalamus, as astrocytes secrete TNFa (81, 82) . However, FAs decreased TNFa mRNA levels in primary astrocyte cultures. Microglia are considered the main source of this cytokine during brain inflammatory processes (83, 84) and increased hypothalamic TNFa levels in response to saturated FAs have been related to microglia activation (6); however, neonatal overnourished rats had lower Iba1 levels in adulthood regardless of sex. Although there were some differences in the morphology of Iba+ cells in the arcuate nucleus of males and females, there was no effect of neonatal overnutrition. Microglial activation and/or increased Iba1 levels in the hypothalamus are not always observed with increased weight gain (12, 14, 15) , and this may depend on the underlying cause of the weight gain, including the type of diet. However, lack of microglial activation or TNFa production by these cells cannot be totally discarded, as morphology was only analyzed in the arcuate nucleus. Indeed, we previously reported that the number of MCH-II-positive cells is increased in specific hypothalamic nuclei of neonatally overnourished adult male rats, albeit a very small increase (13) .
Elevated levels of hypothalamic TNFa and inflammatory signaling have been associated with insulin and leptin resistance (3, 7, 23, 85, 86) , but higher TNFa and pJNK levels in L4 males were not associated with evidence of systemic insulin resistance (18) or decreased basal hypothalamic insulin or leptin signaling. There was actually an increase in basal p-STAT3 (Tyr705) levels in L4 males and females, with no change in hypothalamic SOCS3 levels, further suggesting a lack of leptin resistance.
Hypothalamic TNFa levels were higher in adult males compared with females regardless of litter size, and this could be involved in the increased vulnerability of males compared with females to central inflammatory processes. The underlying cause of this sex difference in basal hypothalamic TNFa levels was not addressed here, but could be due to the higher estrogen levels in females (87) . Indeed, females did not present increased body weight, triglycerides, or NEFAs or show signs of hypothalamic inflammation at PND 150. As indicated previously, this could involve the protective effects of postpubertal estrogens against visceral adipose tissue accumulation (88) and inflammatory processes in the brain (89) .
The inflammatory response to FAs in the hypothalamus (7, 10, 90) and other tissues (91-94) depends on the type of FA. Indeed, the unsaturated FA OA reduced the inflammatory and ER stress responses induced by the saturated FA PA in hypothalamic astrocytes from both males and females in vitro. These results are in agreement with previous studies showing that unsaturated and saturated FAs provoke different effects on metabolism (7, 10, (90) (91) (92) (93) (94) (95) (96) . Although OA alone had no effect on these cytokines or ER stress at the dose used here (0.5 mM), it could possibly protect against the effects of PA at a lower dose. It remains to be determined what ratio of nonsaturated to saturated FAs is necessary to obtain this protective effect.
The cytokine IL6 can be proinflammatory or antiinflammatory (97, 98) , has metabolic effects (99, 100) , and is reported to have protective effects against HFD (101) . It has also been shown to inhibit TNFa (102) (103) (104) (105) , and thus the increase in IL6 production by astrocytes may be involved in the unexpected finding of an FA-induced decrease in TNFa mRNA levels. This cytokine is tightly associated to the inflammatory response to FAs (10), but this response could vary depending on the time of exposure to different FAs, as well as the type of cell being studied and the experimental setting (in vivo vs in vitro).
Astrocytes are the main site for b-oxidation in the brain (106) and CPT1a regulates the entry of long-chain FAs into mitochondria for b-oxidation (107, 108) . This is the first and rate-limiting step in the formation of palmitoylcarnitine (30) , which is then moved to the inner mitochondrial membrane to be oxidized. Expression of CPT1a increased in astrocyte cultures treated with OA, but not with PA, which is in accordance with previous studies (109). Hofmann et al. (109) recently reported that both astrocytes and tanycytes are involved in hypothalamic lipid metabolism and that saturated and unsaturated FAs are differentially processed by these cells. These authors suggest that although OA is processed by hypothalamic astrocytes, PA is metabolized by tanycytes (109) . As PA alone was unable to induce the expression of CPT1a in astrocytes, increased PA levels could produce at least part of its cytotoxic effects on these cells, as it is unable to stimulate its transport in the mitochondria, which could result in FA accumulation in the cell.
OA is reported to excite proopiomelanocortin neurons, and this is associated with mitochondrial oxidation of OA through CPT1, as inhibition of CPT1a blocks the activation of these neurons (110) . Whether astrocytes cooperate with neurons or mediate the anorexigenic effects of OA on proopiomelanocortin cell activation remains to be determined. In contrast, PA induces insulin resistance and ER stress in neurons (111) , and the increased expression of cytokines and release of nitrates by astrocytes could be involved in these neuronal responses to PA. PA was reported to increase GFAP mRNA levels in hypothalamic astrocytes in vitro (11), whereas here we found a decrease. These differences could be due to differences in the time of exposure to FA [8 hours by Morselli et al. (11) vs 24 hours here], as astrocytes in vitro have a biphasic response to some stimuli such as leptin (16, 17) , or to the employment of astrocytes from mice vs rats. We previously reported that the GFAP response differs between the astrocytes of these two species, at least in vitro (112) . It is also possible that this decrease in mRNA is not translated to a decrease in protein levels and represents a change in the turnover of this structural protein.
The neuroprotective and anti-inflammatory actions of estradiol in the central nervous system have been widely studied (113) (114) (115) , with this effect occurring largely through ERa in astrocytes and neurons (116) (117) (118) ; however, less is known regarding its effects on hypothalamic astrocytes in obesity and metabolism. PA decreased ERa in astrocytes from both males and females, whereas estradiol stimulated the expression of its own receptor in both sexes, but only blocked the effect of PA in female astrocytes. Estradiol was also capable of blocking the PA-stimulated increase in both IL6 and CHOP. Estradiol has been previously shown to stimulate ERa expression in hypothalamic astrocytes (119) . Although Morselli et al. (11) show a decrease in ERa in response to PA, they report that this, as well as the increase in IL6 mRNA levels, occurs only in male astrocytes. These discrepancies may be due to the abovementioned differences in experimental design. Indeed, female astrocytes could be more resistant to the PA-induced inflammation, as shown by Morselli et al. (11) and as shown here in vivo, but with more prolonged exposure, they also become activated. Together these results are in accordance with the inhibitory effects of estrogens on inflammatory cytokines such as IL6 and IL1b in peripheral tissues and brain in vivo (120, 121) .
Other hormonal differences could also be involved in the differential response of astrocytes between males and females in vivo, including differences in circulating leptin and insulin levels, metabolic hormones known to affect hypothalamic astrocytes in vivo (122, 123) . In addition, both astrocytes and microglia have glucocorticoid receptors (124, 125) , and glucocorticoids are reported to affect proliferation and the activational state of these glial cells (125, 126) . As females had higher levels of corticosterone than males, it could possibly be exerting an anti-inflammatory effect at the hypothalamic level. This possibility deserves further investigation, but it is clear that the difference between the response of males and females involves numerous factors.
The results reported here indicate that both age and sex are important in determining the hypothalamic inflammatory/gliosis response to increased weight gain, at least in response to excess intake of a normal chow diet. During early postnatal life, the modifications in circulating metabolic factors differed from those observed in adult animals, which is also true for obese children compared with obese adults (127) . In postpubertal life, females have higher circulating levels of estradiol than males, and this is involved in their increased resistance to weight gain and inflammatory processes. Some of these protective effects of estradiol could be mediated through astrocytes. Further understanding of the differential responses of males and females to nutritional challenges is necessary to develop specific treatments for obesity according to sex.
